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This study investigated the spatial distribution of Alexandrium pseudogonyaulax resting cysts in recently-
deposited sediment of Bizerte lagoon (South-Western Mediterranean, Tunisia). This lagoon is the subject
of many anthropogenic impacts, such as holding important ﬁshing and aquaculture activities. A. pseu-
dogonyaulax has been shown to produce Goniodomin A, which is a biologically-active compound. We
showed that this dinoﬂagellate produces two types of resting cysts, which could be distinguished by
the presence or the absence of a paratabulate wall. The average cyst density across the whole lagoon
was rather high, reaching 639 cysts g1 of dry sediment (DS). Cyst densities varied widely among the
sampled stations, with the highest density of 1685 cyst g1 DS being recorded at station 51 near a mussel
farm. With respect to sediment characteristics, the highest cyst densities were found within silty sedi-
ments with high water content values. The distribution of A. pseudongoyaulax cysts in Bizerte lagoon
appears to be related to hydrodynamic factors.
 2014 Elsevier Ltd. All rights reserved.1. Introduction
Resting cysts play a crucial role in the population dynamics of
dinoﬂagellate species and their geographical distribution
(Steidinger and Garcès, 2006). These cysts enhance the survival
capacity of such species under adverse environmental conditions,
as well as the genetic structure of the populations through genetic
recombination (Anderson and Wall, 1978; Genovesi-Giunti et al.,
2006). Cyst seed beds provide germling cells for the inoculation
of the water column, leading to the establishment of planktonic
populations when the environmental conditions are suitable once
again. Cysts can remain in the sediments for decades, thus provid-
ing a genetic repository (Belmonte et al., 1997) which can poten-
tially lead to the emergence of harmful dinoﬂagellate cells that
could form blooms once speciﬁc environmental factors optimum
for their development arise.Little information is available on the distribution, seasonal varia-
tion and ecology of Alexandrium species in the southern Mediterra-
nean waters (Daly Yahia-Keﬁ et al., 2001; Turki et al., 2007). Data
is lacking on the distribution of dinoﬂagellate cysts in the benthic
sediment of Mediterranean waters (Satta et al., 2010; Genovesi
et al., 2013), with such data being completely absent for southern
Mediterranean areas. In Tunisia, toxic blooms were responsible for
heavy ﬁsh mortality in the Gulf of Gabès (South Tunisia) in 1995.
Most of the toxicity episodes in Tunisian waters involving a breach
of water quality standards for coastal waters in the last 6 years
appear to be linked to Karenia selliformis, Alexandrium minutum,
Coolia monotis and Karlodinium veneﬁcum proliferations (Ben Naila
et al., 2012). In November 2007, a bloom of Alexandrium catenella
was recorded in Bizerte Lagoon, with observed cell concentrations
of up to 20  104 cells L1. For the ﬁrst time, cultured mussels
(Mytilus galloprovincialis) were contaminated with paralytic toxins
as a result of this event, with toxin concentrations exceeding the
set threshold (800 lg Eq STX kg1 of ﬂesh) (Turki, 2004).
Our study was carried out in the Bizerte lagoon, located in the
north of Tunisia and considered to be the most productive Tunisian
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lagoon lies in the vicinity of several towns and industrial facilities.
This ecosystem is affected by various anthropogenic activities,
including domestic sewage and industrial waste discharge
(Bejaoui et al., 2008). Our preliminary investigations revealed that
A. pseudogonyaulax (Biecheler) Horiguchi ex Yuki et Fukuyo cysts
showed the highest cyst abundances of all dinoﬂagellate species
cysts within the benthic sediment of Bizerte lagoon. However, to
date, no blooms of this dinoﬂagellate species have been recorded
within Bizerte Lagoon. The high cyst densities of A. pseudogonyau-
lax encountered in the lagoon sediment and its potentially toxic
character led us to take a special interest in this species. A. pseu-
dogonyaulax (Biecheler) Horiguchi ex Yuki et Fukuyo, originally
called Goniodoma pseudogonyaulax Biecheler, is a marine brackish
neritic dinoﬂagellate (Faust and Gulledge, 2002). It was reported
for the ﬁrst time by Biecheler (1952) in the Thau lagoon (Mediter-
ranean, France), then subsequently recorded in Italy (Montresor,
1995), Spain (Alfacs Bay) (Bravo et al., 2006), along the Tunisian
coast (Daly Yahia-Keﬁ et al., 2001; Turki, 2004) and thereafter in
many non-Mediterranean marine areas such as Fundy Bay (USA),
the German Bight, the coastal waters of Japan and the Gulf of Geor-
gia (British Columbia) (Klein et al., 2010). This dinoﬂagellate spe-
cies has been reported as a bloom-forming species in the
Norwegian Sea (Throndsen et al., 2007) and in Alfacs Bay (Ebro
Delta) during the summer of 2003 and 2004 (Bravo et al., 2006).
Blooms belonging to A. pseudogonyaulax normally have a high bio-
mass and may be responsible for harmful effects witnessed within
high marine trophic levels. This dinoﬂagellate has been shown to
produce Goniodomin A, a dangerous neurotoxin that can result
in harmful effects to vertebrate consumers through the paralytic
shellﬁsh poisoning (PSP) syndrome (Klein et al., 2010). This toxin
has a wide range of biological activities, such as the inhibition of
fungal growth and the termination of cell division in fertilized
sea-urchin eggs (Murakami et al., 1988). Furthermore, A. pseudogo-
nyaulax has been shown to be mixotrophic, with cells releasing
toxic mucus which may aid in prey capture and uptake (Blossom
et al., 2012). This behavior could favor the success of this species
within the sampled habitat.
The objectives of the present study were (i) to describe, for the
ﬁrst time in southern Mediterranean waters (Bizerte lagoon, Tuni-
sia), the vegetative cells and resistant cysts of the toxic dinoﬂagel-
late A. pseudogonyaulax on the basis of morphological criteria and
(ii) to assess the densities of its resting cysts across Bizerte lagoon
sediments. Several descriptors of sediment (granulometry, water
content and organic matter) were determined in order to investi-
gate whether resting cyst distribution could be correlated with
sediment characteristics. The inﬂuence of hydrodynamic parame-
ters on the same resting cyst distribution was also discussed.2. Materials and methods
2.1. Study area
Bizerte Lagoon is located in northern Tunisia (3780–37140N,
9460–9560E) covering 128 km2 with a maximum width of
11 km, a maximum length of13 km and a water depth which
ranges between 2 and 14 m. This lagoon communicates with the
Mediterranean Sea via the 6 km-long Bizerte channel. In the west,
it is connected to the lake Ichkeul through the 5 km long Tinja river
(Fig. 1). Furthermore, Bizerte lagoon receives freshwater inﬂux
from eighteen different streams which discharge freshwater all
over its surface.
In the Bizerte lagoon, water current circulation is mostly dic-
tated by the predominating west-northwestern wind, which has
an inﬂuence all throughout the year (Harzallah, 2003; Bejaouiand Harzallah, 2005; Bejaoui et al., 2008; Bejaoui 2009). Surface
currents are strong at the northern, western and southern extrem-
ities of the lagoon, whereas they are relatively weak in the central
part of the lagoon, which explains the accumulation of ﬁne sedi-
ments in this part of the lagoon (Bejaoui, 2009). At the bottom of
the lagoon, where the inﬂuence of the surface wind is suppressed,
the direction of the water ﬂow tilts to the north-west direction and
passes through the central part of the lagoon. An important feature
of the water circulation in the Bizerte lagoon is the presence of
three circulation gyratory cells, sited in the northern, southern
and western sections of the lagoon (Harzallah, 2003; Bejaoui
et al., 2008; Bejaoui, 2009).
Sediment grain-size properties differ in different regions of the
lagoon. The western lagoon stations, located in the deepest areas of
the lagoon, are characterized by muddy sediments. The central
zone, where sediment deposition is most active, is characterized
by silt-mud sediment while the eastern lagoon zone is mainly
muddy. Finally, the percentage of sand exceeds 75% within benthic
sediment located along the coastal areas of the lagoon (Brahim
et al., 2008).
2.2. Sampling method
The sampling campaign was carried out the 3th, 7th, 12th, 19th
and 26th July and 7th August 2012, by SCUBA divers using cylindri-
cal cores (26 cm long, 4 cm diameter). Fifty-ﬁve stations, with
three replicates each, were adopted during the sampling campaign
(Fig. 2) resulting in a total of 165 surface sediment samples being
collected. According to Dale (1983), cysts often settle in the deeper,
calmer parts of bays. This suggests that they should be more com-
mon in silt-rich sediments, which normally accumulate in these
parts of the lagoon (Horner et al., 2011). The location of the chosen
sampling stations was selected according to the following criteria:
water current direction and sediment properties. Forty-three sam-
pling stations were located in the central portions of the lagoon, at
a distance of 0.7 km from each other. At these central sampling sta-
tions, ﬁne sediment particle sizes were dominant since bottom
water currents were weak. The other twelve sampling stations,
spaced at 1.5 km intervals from each other, were located within
benthic areas characterized by coarser sediment particle sizes
and stronger bottom currents. The water immediately above the
seabed, at the locations where sediment cores were collected,
was sampled and ﬁltered through a 20 lm mesh. The upper 3 cm
of three cores at the same station were sectioned and mixed, then
stored in the dark at 4 C until further analyses. In order to check
for the presence of motile vegetative cells of Alexandrium sp. in
the deep water layer and to assess the concentrations of dissolved
nitrogen and phosphate compounds, 1L of water was sampled for
subsequent analyses. At the water–sediment interface, water tem-
perature and salinity were measured by means mercuric ther-
mometer and conductivity meters (cond 3110 SET 1), respectively.
2.3. Sediments characteristics
2.3.1. Water (H2O) and organic matter (OM) contents
The determination of water content in the sediment sample
reduces the variability in resting cyst (RCs) density values, since
these are often correlated with the sediment water content. Conse-
quently, the cyst densities are expressed as cyst number g1 dry
sediment (DS). The wet sediment (Ww) replicates were mixed
and then dried for 7 days at 60 C. The resulting dry sediment
was weighed (Wd). The sediment water content was calculated
using the following equation (Eq. (1)):
H2O% ¼ ½ðWwWdÞ  100=Ww: ð1Þ
Fig. 1. Map of the Bizerte lagoon showing connections with Ichkeul lake and Mediterranean sea reproduced from Turki et al. (2007).
Fig. 2. Sediment sampling stations in the Bizerte lagoon.
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loss on ignition protocol. The sediment was dried at 450 C for
12 h so to evaporate organics in the form of carbon dioxide. The
resulting dry sample was weighed, recording the new dry weigh
(Wd1). The percentage of OM was calculated using the following
equation (Eq. (2)):
OM% ¼ ½ðWdWd1Þ  100=Wd1 ð2Þ2.3.2. Granulometry
The mean particle size of the sediment was determined using
the laser particle sizer Malver Master TM LSE. This device measuresthe percentage of the volume occupied by each size class by deter-
mining the ‘‘Obscuration’’ of a laser beam through a cell in which
the sample has been injected as a suspension in water. The
obtained data were processed using Mastersizer software, which
estimates the particle grain-size parameters of the three replicates
as well as the average cumulative curve.
2.4. Resting cysts extraction and quantiﬁcation
Sediment samples were kept in the dark at 4 C and processed
within 24 h after collection. RCs extraction was done using the gra-
dient density method, adding Polytungstate solution (PST) for the
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station were taken for RCs quantiﬁcation. One gram of wet sedi-
ment was taken randomly and mixed with 50 ml of 0.2 lm Filtered
SeaWater (FSW), subjected for 3 min to the Ultrasonic cleaner bath
to separate cysts from mucus and sediment grains, and then sieved
through 100 and 20 lm mesh sizes. The sample retained by the
20 lm mesh was collected with FSW and was than centrifuged
(MIKRO 22R HETTICH centrifuges) at 3000 rev/min for 10 min at
4 C. The pellet obtained was reﬁlled with PST, than centrifuged
at the same conditions. The recovered supernatant containing the
cysts was sieved through a 20 lm mesh and washed several times
to eliminate PST. The ﬁnal aliquot collected was used for the quan-
tiﬁcation of dinoﬂagellate RCs using sedimentation chambers
(3 ml), with an inverted photonic microscope. Densities were
expressed as cysts g1 dry sediment (DS).
2.4.1. Efﬁcacy of PST extraction method
The density gradient method could underestimate the density
of RCs in a sediment sample (Yamaguchi et al., 1996). In order to
evaluate the extraction efﬁcacy (EF) factor, the pellet resulting
from the PST extraction (15 replicates) was re-suspended in 50 ll
diluted PST and then centrifuged ﬁve consecutive times. After each
PST centrifugation, aliquots were collected and washed for RC
quantiﬁcation, and the remaining pellet was subjected to the suc-
cessive PST extraction. EF factor was calculated using the following
equation (Eq. (3)):
EF ¼ % total RC extracted=% RC of1st extraction ð3Þ
Estimated RC density for all samples was calculated using EF
factor, following this equation (Eq. (4)):
Cyst density ðcysts g1 DSÞ ¼ N  EF ð4Þ
were N is the RC density/ml observed under inverted micro-
scope after one PST extraction and EF is the extraction efﬁcacy
factor.
2.5. Resting cysts and vegetative cells identiﬁcation
RC identiﬁcation was based on microscopic observation of the
morphology of the cysts and of the resulting vegetative cells
obtained from excystment experiments. The cysts were isolated
with a micropipette onto 96-culture plates (Nunc™ Delta surface),
ﬁlled with Enriched Natural Sea Water (ENSW) culture medium
(Harrison et al., 1980), with the salinity being adjusted to 34 ppt
using autoclaved distilled water. The incubation conditions
adopted for the cysts consisted of a water temperature of 20 C, a
light intensity of 100 lmoles photons m2 s1 and a 12 h:12 h
light:dark ratio. When germination occurred, the morphology of
A. pseudogonyaulax motile cells and of empty cysts was investi-
gated. Plate tabulation and the arrangements of thecal plates were
studied on up to 30 vegetative cells after dissecting the thecae
using 5% sodium hypochlorite solution. Tabular notations were
used following Balech (1995) nomenclature. Light micrographs
were taken using a Leica DFC 290 camera coupled to a Leica
DM2500 microscope. The length and width of the cells was deter-
mined at different stages of the exponential phase of growth
(n = 30).
2.6. Analyses of nutrients in the sediment–water interface
Water samples taken at the bottom of the lagoon near the sed-
iment surface were used for nutrient analysis and Alexandrium spp.
vegetative cell counts.
About 500 ml of deep water was stored in the freezer for
chemical analysis. Nutrients were analyzed using conventionalcolorimetric methods through an automated channel Technicon
autoanalyzer, according to the protocols deﬁned by Tréguer and
Le Corre (1975) and the supporting documentation of a UV–visible
spectrophotometer ‘‘Jenway 6315’’. Seven independent analyses
were performed for each sample. Ammonium analyses were car-
ried out using a spectrophotometric method according to Aminot
and Chaussepied (1983).
About 500 ml of deep water were ﬁxed with neutralized forma-
lin for Alexandrium spp. cell quantiﬁcation and water subsamples
having a volume of 25 ml were analyzed using a Leitz inverted
microscope (Esselte Leitz GmbH, Germany), following the
Utermöhl method (Throndsen, 1995).
2.7. Statistics
Several statistical tests were applied in order to investigate the
correlations between sediment characteristics, nutrient concentra-
tions and A. pseudogonyaulax RC densities. The Principal Component
Analysis (PCA) testwas performed inorder to investigate correlations
between the RC density and the main environmental characteristics
(granulometric fractions, biochemical components andwater nutri-
ents). Hierarchical Cluster analyses (HCA)was performed in order to
cluster the sampling stationson thebasis of the environmental char-
acteristicsusing theWardaggregationmethod. TheSilhouette Index
was applied so as to further test for the homogeneity of clusters. All
statistics were performed using the R software (available online at:
http://www.r-project.org).
2.7.1. Spatial autocorrelation of cyst densities
Results from spatially-adjacent sampling stations are more
likely to be similar to each other than results from randomly-
located sampling stations (Legendre, 1993; Legendre and
Legendre, 1998). In order to eliminate such bias, we tried to detect
the existence of organized spatial structures for RC distribution
using a spatial autocorrelation test, the Moran’s I index. The neigh-
bor weights were deﬁned in order to highlight the relationships
among spatial observations based on a Delaunay triangulation –
these were calculated using Moran.mc function from spdep
R-package. The permutation test for Moran’s I statistic was run
by using random permutations of the variable to investigate
whether the observed Moran’s I index values were due to chance
or not. A ﬁnal multivariate autocorrelation was performed, using
the function ultispati.rand test from ade4 R-package and Monte-
Carlo test (Smouse and Peakall, 1999; Chessel et al., 2004), so as
to reveal any spatial auto-correlation between all the investigated
parameters and so as to justify the use of the Simultaneous Auto-
regressive Models.
2.7.2. Simultaneous autoregressive models
A Simultaneous Autoregressive (SAR) model was developed in
order to analyze the predictive power of environmental character-
istics for determining resting cyst abundance. However, the pres-
ence of spatial autocorrelation in the data is problematic for
classical statistical tests such as ordinary least-square regressions,
which assume independently-distributed errors. As an alternative,
spatial regression models, in particular simultaneous autoregres-
sive (SAR) models, were applied, incorporating the spatial autocor-
relation structure among observations. In this analysis, RC density
was the dependent variable and water depth, the proportion of dif-
ferent sediment fractions, water content, organic matter content
and deep water nutrient concentrations were the independent or
explanatory variables. The SAR model was estimated using the
spdep package. SAR was carried out using the ‘‘correlog’’ function
provided within the R library, spdep’. The statistical difference
between the observed Moran’s I index and those due to chance
(generated in turn using a permutation test) was tested in order
Fig. 3. Water content in% (A) and organic matter content in% (B) in Bizerte
lagoonsampled stations.
Table 1
Correlation between Alexandrium pseudogonyaulax resting cysts densities and the
main environmental factors (depth, nutrients and sediment characteristics).
Environmental factors Correlation P-value
NH4+ 0.06 0.69
NO2 0.15 0.28
NO3+ 0.16 0.24
PO43 0.11 0.44
Water content 0.41 0.002
MO 0.18 0.20
Fine fraction (0–63 lm) 0.17 0.21
Coarse fraction (63 lm1 mm) 0.1753 0.21
Fine clay (0–2 lm) 0.24 0.08
Coarse clay (2–4 lm) 0.17 0.22
Total clay (0–4 lm) 0.21 0.13
Fine silt (4–30 lm) 0.26 0.06
Coarse silt (30–63 lm) 0.19 0.16
Total silt (4–63 lm) 0.32 0.02
Fine sand (63–200 lm) 0.02 0.88
Coarse sand (200 lm1 mm) 0.24 0.08
Total sand (63 lm1 mm) 0.17 0.21
Depth 0.14 0.31
Positive correlation are shown in bold.
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Finally, for each model, the coefﬁcient of determination, the coefﬁ-
cient for each explanatory variable and its associated p-value, and
the Akaike’s Information Criterion (AIC) were calculated.
3. Results
3.1. Sediment characteristics
3.1.1. Water and organic matter (OM) content
The sediment within the Bizerte lagoon contains a high fraction
of water (58.89 ± 8.02%) (Fig. 3A). OM content ranged between
0.33% for station 4 to 2.28% for station 31 (Fig. 3B). The highest
OM values corresponded to the stations located near mussel farms.
The Pearson’s statistical test analysis revealed a positive correla-
tion (a = 0.05; p-value = 0.002) between water content and RC den-
sity, but no signiﬁcant correlation was found between OM and RC
density (Table 1). The organic matter distribution showed a homo-
geneous pattern for all the sampling stations, with the OM percent-
age not exceeding 2.28% of dry sediment.
3.1.2. Granulometry
The distribution of ﬁne sediment fraction and coarse sediment
fraction revealed two types of sediments: sandy-mud sediments
and muddy sediments. The ﬁne fraction (<63 lm) dominated sed-
iment samples and was positively correlated with cyst abundance
distribution (Table 1). It ranged between 50.48% and 97.6% of sed-
iment sample weight and was mainly represented by silt
(60.56 ± 3.5%) (Fig. 4). The clay fraction was less abundant
(17.99 ± 8.46%). There was a signiﬁcant correlation (p < 0.1)
between cyst abundance and silt fraction across Bizerte lagoon
(Table 1). RC densities were positively correlated with total silt
fraction (p = 0.02) and negatively correlated with coarse sand frac-
tion (p = 0.08) and ﬁne clay (p = 0.08). Moran’s I index values
showed a signiﬁcant spatial autocorrelation for all granulometric
fractions (p < 0.02) (Table 2).
3.2. Nutrient concentrations and A. pseudogonyaulax densities in deep
water layer
Mean measured nitrogen compound concentrations calculated
for the samples stations were 4.5 ± 3.78 latg L1 for ammonium,0.21 ± 0.31 latg L1 for nitrite and 4.21 ± 1.89 latg L1 for nitrate,
whereas the mean phosphate concentration was that of
0.23 ± 0.28 latg L1. The correlations between overlying water col-
umn nutrient and sediment characteristics were estimated. Nitrite
was negatively correlated with the ﬁne sediment fraction and pos-
itively correlated with the coarse fraction (Supplementary Table 1).
The determination of the densities of A. pseudogonyaulax in the
deep water revealed a mean cell concentration of 15 ± 88 cells L1
calculated over all of the sampled stations. The highest density of
A. pseudogonyaulax was registered at station 5 with 640 cells L1.
3.3. A. pseudogonyaulax vegetative cells and resting cyst morphology
A. Pseudogonyaulax resting cysts were spherical or oval and
could be classiﬁed in two types, depending on their wall organiza-
tion. The ﬁrst type has a paratabulate wall (Fig. 5A–C), correspond-
ing to the description by Montresor (1995); when suture ridges in
surface cysts are strongly marked, they can be also be observed
before excystment. The second type has a smooth common wall
(Fig. 5D). RC diameter was highly variable, ranging between 40
and 72 lm (n = 30). Cyst content was characterized by dark brown-
ish yellow vesicles. Both cyst types were observed either in surface
sediment (0–3 cm) or in deeper parts of the sediment (4–6 cm).
Successful germination of cysts occurred in diluted ENSWmedium,
at standard incubation conditions (100 lmol photons m2 s1,
20 C and salinity 34). Excystment success (n = 78) allowed us to
identify the isolated cysts as those of A. pseudogonyaulax species.
Vegetative cells have a typical ﬂattened shape, with an epitheca
slightly smaller than the hypotheca (Fig. 5E). Dissection of thecal
plates in vegetative cells showed a lack of contact between the api-
cal pore plate (Po) and the ﬁrst apical plate (1’), with the presence
of a ventral pore in the ﬁrst plate (1’) (Fig. 5F). Vegetative cells have
numerous chloroplasts and a typical U-shaped nucleus (Fig. 5G, H).
3.4. Accuracy of the resting cysts quantiﬁcation method
Five extractions were necessary to collect all RCs in one gram of
sediment. Most of the RCs were recovered through the ﬁrst extrac-
tion (mean: 64.86 ± 6.6) (Table 3) with values for extraction suc-
cess ranging between 55.77% and 77.3%. Few RCs were recovered
through the last extraction (mean: 0.99 ± 1.1%). The number of
recovered RCs decreased progressively with successive extractions
and the cumulative percentage of recovered RCs reached nearly
Fig. 4. Silty fraction in Bizerte lagoon sediment.
Table 2
Permutation test for Moran’s I.
Observed statistics P-value
Alexandrium pseudonyaulax 0.287 0.001
NH4+ 0.404 0.001
NO2 0.187 0.011
NO3+ 0.046 0.608
PO43 0.027 0.515
Water content 0.207 0.009
Organic matter 0.094 0.063
Fine fraction (0–63 lm) 0.290 0.001
Coarse fraction (63 lm1 mm) 0.290 0.002
Fine clay (0–2 lm) 0.310 0.001
Coarse clay (2–4 lm) 0.266 0.001
Total clay (0–4 lm) 0.309 0.001
Fine silt (4–30 lm) 0.292 0.001
Coarse silt (30–63 lm) 0.237 0.001
Total silt (4–63 lm) 0.221 0.002
Fine sand (63–200 lm) 0.334 0.001
Coarse sand (200 lm1 mm) 0.191 0.005
Total sand 0.289 0.001
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sediment is tedious and time-consuming, and in view of the fact
that the ﬁrst extraction under-estimates RC densities by an extrac-
tion efﬁcacy factor of 1.56, we adjusted all the RC densities
obtained from the ﬁrst extraction by applying this correction
factor.
3.5. Mapping of A. pseudogonyaulax in Bizerte lagoon and statistical
analyses
A. pseudogonyaulax cysts accumulated in surface sediment of
the whole lagoon showed different densities in function of the geo-
graphical location of the investigated station (Fig. 7). The highest
RC abundance (1685 cyst g1 DS) was observed at station 51,
located near the mussel farm. The lowest density (59 cyst g1 DS)
was observed at station 27 located within the central portion of
the lagoon. RC distribution extends over the entire lagoon and
two areas with high cyst densities were detected. The ﬁrst area
(sampling stations 5, 8, 10 and 55) was located in the south-
western part of the lagoon, where RC densities reached1551 cyst g1 DS at station 10. The second area was located at
the opposite extremity, within the north-eastern part of the lagoon
(stations 41, 44, 50 and 51), where RC density reached
1685 cyst g1 DS near an important mussel farm.
PCA was performed to investigate any correlation between the
distribution of RC densities and environmental variables. The
length of the arrows (environmental variables), orientation and
angle with the axes indicate the relative importance of such vari-
ables and approximate correlations between the two axes. PCA
(Fig. 8) axes 1 and 2 accounted for 57.1% of the correlation between
A. pseudogonyaulax RC densities and environmental factors. PC1,
explaining 44.6% of correlation, was mainly represented by the
total sediment ﬁne fraction (<63 lm) and silt fractions. The PCA
revealed a positive correlation between RC densities and the sedi-
ment silt fraction.
Hierarchical Cluster analyses were obtained using Euclidean
distance and the Aggregation Ward method. Three clusters
emerged, on the basis of sediment granulometry and overlying
water column nutrient concentrations (Fig. 9). The Silhouette Index
(Fig. 10) gave a good homogeneity for cluster 1 and 2. Most of the
sampling stations having high RC densities were close to PC1, rep-
resented by the silt fraction.
Spatial autocorrelation analyses revealed that the resting cyst
distribution in Bizerte lagoon was highly spatially correlated (p-
value = 0.001) (Table 1). Using 1000 randomizations under the null
hypothesis (i.e. no spatial inﬂuence on the distribution of cyst den-
sities), a Moran I index value of 0.072 (p-value = 0.003) indicated
that spatially close sampling stations had more similar cyst densi-
ties than was randomly expected.
Classic linear regression showed a relationship between A.
pseudogonyaulax RC density and the sediment fraction
(p-value = 0.009) but this relationship was not linear (R2 = 0.46).
A Boxcox transformation clearly gave us an improvement for the
R2 values obtained. Moran I index values revealed a strong degree
of co-linearity between different environmental parameters – as a
result, the application of Simultaneous Autoregressive Models
(SAR) was necessary in order to remove this spatial autocorrela-
tion in the residuals, and a backward stepwise method was per-
formed to retain the most signiﬁcant variables in explaining
observed A. pseudogonyaulax densities. The ﬁnal SAR model gave
two explanatory environmental variables: H2O content and NO3,
Fig. 5. Photonic microscope photographs of rounded Alexandrium pseudogonyaulax paratabulate resting cysts (A, B), paratabulate empty cyst with the archaeopyle (arrow)
(C), nonparatabulate resting cysts (D), vegetative cell (E), characteristic plates of epitheca (F) showing ﬁrst apical plate (1’) with ventral pore position and apical pore (arrows),
numerous chloroplast organelles (G) and U-Shaped nucleus stained with DAPI (H). Scale bar (10 lm).
Fig. 6. Evolution of cumulative percentage of recovered resting cysts at the end of
the 5 successive extractions PST density gradient technique (n = 15 replicates).
Table 3
Descriptive data of extraction accuracy of Alexandrium pseudogonaulax cyst densities
(cysts g1 DS).
Extraction No. Min (%) Max (%) Average (%) SD (%)
1 55.77 77.30 64.86 6.66
2 12.27 32.28 22.77 6.29
3 2.68 14.19 8.43 4.35
4 0.82 7.32 3.15 2.29
5 0 4.29 0.99 1.17
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A. pseudogonyaulax RC density is thus best expressed through the
following equation (Eq. (5)):
½ðA:pseudoÞ0:151=0:15¼0:300646Water content
1:207665 fine clayþ0:351146 fine silt: ð5Þ4. Discussion
A detailed spatial distribution of A. pseudogonyaulax resting
cysts in superﬁcial benthic sediments (0–3 cm) is reported for the
ﬁrst time from a Mediterranean lagoon. Cyst densities exhibited
high values across the entire lagoon. Whereas the cyst densities
were high, no bloom of this species was observed. Turki (2004)
showed that A. pseudogonyaulax cell densities reached
8750 cells L1in the Bizerte lagoon, whilst in our study, the maxi-
mum vegetative cell density encountered during the survey was
that of 640 cells L1. The mean resting cyst density recorded in this
study was 639 cysts g1 DS and this appears to be high when com-
pared to Alexandrium cyst distribution in other marine areas
(Genovesi et al., 2013). With comparable cyst densities as Bizerte
Lagoon, many other coastal systems showed considerable blooms
of Alexandrium spp., characterized by cell densities > 106 cells L1
(Yamaguchi et al., 1996; Horner et al., 2011; Gracia et al., 2013;
Genovesi et al., 2013). Our results revealed the presence of two A.
pseudogonyaulax cysts seedbeds in Bizerte lagoon. The ﬁrst one is
located in the southwestern part of the lagoon, with concentrations
reaching 1551 cysts g1 DS, and the second one is located in thenortheastern part of the lagoon with cell densities reaching a max-
imum value of 1685 cyst g1 DS. The high A. pseudogonyaulax cyst
densities encountered in recently-deposited benthic sediment of
Bizerte lagoon suggests that this lagoon was previously subjected
to blooms of this dinoﬂagellate, with the vegetative cells producing
resistant cysts, which in turn settled in response to the prevailing
hydrodynamic features within the lagoon. One can speculate that
these blooms were highly localized and that the implemented
HAB phytoplankton species monitoring program in Bizerte lagoon
failed to detect these events. This is in agreement with Genovesi
et al. (2013), who showed in their study on the Thau lagoon that
Alexandrium catenella/tamarense cyst densities varied widely
among sampled stations, with the highest density (440 cysts g1
DS) being recorded in a shallow cove named Crique-de-l’Angle,
which is the only areawhere dense blooms of Alexandrium had been
recorded previously and during the actual study. Also, excystment
experiments performed on A. pseudogonyaulax RCs extracted from
Bizerte Lagoon (unpublished data) revealed a low rate of germina-
tion, and when cells did germinate, only a few of themwere able to
establish a sibling culture. These considerations could explain the
failure of A. pseudogonyaulax to bloom over large areas of Bizerte
lagoon. It has been also suggested that that the mismatch between
Fig. 7. Spatial distribution of Alexandrium pseudogonyaulax resting cysts in Bizerte lagoon (RC g1 DS).
Fig. 9. Principal Component Analyses performed on the ﬁrst two axes based on HAC
clustering.
Fig. 8. Principal Component Analyses circle highlighting correlations. Alexandrium
pseudogonyaulax cyst density is considered as a supplementary variable.
Fig. 10. Silouhette index highlighting homogeneity of three groups of cysts.
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variable degrees of mixing of young surface cysts with older, less
viable cysts from deeper sediment layers (Gracia et al., 2013).
Previous studies (Harzallah, 2003; Bejaoui and Harzallah, 2005;
Bejaoui et al., 2008; Bejaoui, 2009) indicated that Bizerte lagoon is
characterized by low degrees of hydrodynamic energy at the bot-
tom and mid-layers of the water column. Energy transmitted to
the water layer contiguous to the sediment surface might not be
high enough for resting cysts to be re-suspended out of the sedi-
ment in these parts of the lagoon. However, in other areas of the
lagoon, peripheral bottom currents and waves could play a role
in promoting the mixing of sediments and in creating a permanent
mobilization of the superﬁcial deposits and re-suspension may
occur to a greater degree in these areas.
The distribution and settlement of dinoﬂagellate resting cysts
are inﬂuenced mainly by several environmental factors such as
sediment particle size, sedimentation rate and hydrodynamic
features (Genovesi et al., 2013 and references therein), as well as
by biological factors (White and Lewis, 1982). Dinocysts show
different responses to nutrient enrichment and pollutants (Dale,
2001, 2009; Matsuoka, 2001). It has been shown that nutrient
Fig. 11. Alexandrium pseudogonyaulax density (A), winter mean barotropic circulation generated by a wind from the northwest sector in lagoon of Bizerte reproduced from
Bejaoui (2009) (B).
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and industrial pollution could decrease cyst abundance or change
the heterotrophic–phototrophic cysts ratio (Matsuoka, 2001; Liu
et al., 2012).
Weak exchanges of sediment between the lagoon and the Med-
iterranean Sea through a geological bottleneck have favored the
deposition of silt on the lagunar seabed, which has the shape of
an ellipsoidal depression. A. pseudogonyaulax RC densities were
positively correlated (p-value = 0.02) with the sediment total silt
content and strongly negatively correlated with coarse sand
(p-value = 0.08). The positive correlation between RC densities
and silt fraction suggest that sediment containing a certain propor-
tion of silt was more likely to contain relatively high cyst densities.
This high correlation conﬁrmed that RCs behaves as passive sedi-
ment particles, consequently being subject to re-suspension and
they can be transported by water currents, thus favoring their dis-
persal to new areas. Our results are consistent with those of
Yamaguchi et al. (1996), Gayoso (2001), Joyce et al. (2005),
White and Lewis (1982), Anderson et al. (2005), Anglès et al.
(2010) and Horner et al. (2011), which showed that major resting
cyst accumulation occurred in sediments containing a high propor-
tion of ﬁne fraction (<63 lm).
The prevailing hydrodynamic features of Bizerte lagoon are
mainly the result of dominant wind patterns. Surface water cur-
rents are important, but, in the central and the deepest areas of
the lagoon, the wind inﬂuence and surface currents weaken and
the direction of water ﬂow is reversed towards the northwest
direction through the central portions of the lagoon (Harzallah,
2003; Bejaoui et al., 2008; Bejaoui, 2009). The water currents
map for the lagoon highlights a two wind-current gyratory ﬂow
sweeping the entire western part of lagoon, which could promote
re-suspension and spread of RCs and could explain the homoge-
neous pattern of cyst distribution observed in the western part of
lagoon (Fig. 11). In addition, the southeastern part of the lagoon
is subject to sediment inputs through the erosion of soil on contig-
uous cultivated land which is brought by rivers and which can
cover sedimented cysts on the lagoon seabed, with the cysts being
relocated to the sediment superﬁcial surface by peripheral wind-
driven surface currents which force re-suspension. This phenome-
non tends to stem the decrease in RC abundance in this part of
lagoon, where cysts densities are lower than those observed on
the western side but are also higher than those recorded in some
central stations of the same lagoon.5. Conclusion
This study presents the ﬁrst cyst map for a Mediterranean
coastal ecosystem for A. pseudogonyaulax, which is reported aspotentially toxic dinoﬂagellate producing Goniodomin A. RC densi-
ties were high and spatially autocorrelated across the lagoon. Sta-
tistical analyses showed positive correlations between sediment
silt fraction and water content values with RC densities. This might
suggest that bottom sediment rich in silt with high water content
may represent the optimum environmental conditions for the set-
tlement of resting cysts. Hydrodynamic factors in Bizerte lagoon
could inﬂuence the spatial autocorrelation between cysts distribu-
tion and environmental factors. The presence of centrifugal forces
favors the accumulation of RCs in some areas of the lagoon. A. pseu-
dogonyaulax cysts present in large densities in certain sampling
stations could potentially inoculate the water column and be
responsible for dense blooms of the species. Since this species is
a renowned ﬁsh-killer, capable of producing Goniodomin A, the
survey reported in this study should be extended to a larger num-
ber of sampling stations on the basis of the known spatial distribu-
tion of resting cysts. The chemical structure of the toxins released
by the vegetative cells of A. pseudogonyaulax should also be
elucidated.
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